controls.
6,9 Measurements of CSF pressures after craniovertebral decompression are also limited. Phase-contrast MRI does not provide a measure of pressure. To measure pressures, investigators have canalized the subarachnoid space in patients with CM-I before and after surgery. 7 Because these studies are invasive, they are not frequently performed, and they are only rarely performed at multiple locations.
Computational fluid dynamics (CFD), an engineering tool for the study of fluid dynamics, has been used effectively to study CSF pressures and velocities in adjacent segments of the spinal canal. 8, 11, 12, 14, 20 The primary goal of this study was to apply CFD to compute the effect of craniovertebral decompression on CSF pressures and velocities in the posterior fossa, foramen magnum, and cervical spinal canal. As a first step toward computational modeling of surgery, idealized models of the craniovertebral decompression were used. Also previously, idealized models have been used effectively to justify studies in patient-specific models. 3, 13, 22 Since craniovertebral decompression has not been standardized between surgical services or between patients, we chose to study models with decompressions of different sizes.
Methods

Models of Subarachnoid Space Geometries
Cervical CSF flow was simulated in 5 idealized models of the subarachnoid space, one model of a normal adult, one model of CM-I, and 3 models representing different-sized craniovertebral decompressions in a patient with CM.
The normal and CM models ( Fig. 1) were identical, except for the presence of descended tonsils in the CM model. The tonsils were 4 cm in length, encompassing the posterior fossa to the C3-4 level approximately. A 2-cm extension was added to each end of the models to permit the use of plug-shaped velocity profiles at inflow/outflow boundaries. Both of these models have been validated and described previously.
11,12
The 3 surgery models (hereinafter referred to as s1, s2 and s3, in order of increasing degree of decompression) were constructed by modifying the outer boundary of the subarachnoid space in the CM model to mimic craniovertebral decompression. The sagittal and axial sections (at the foramen magnum) in Fig. 2 illustrate how the subarachnoid space was modified (note that the spinal cord diameter is 1 cm). In each case, the surgical defect covered (superiorly-inferiorly) the posterior fossa and the tonsils, and comprised the posterior part of the subarachnoid space, that is, posterior to the coronal plane. In the most conservative model (s1), the CSF depth posterior to the spinal cord was increased by 0.5 cm at the foramen magnum. In s2 and s3, this measurement was increased to 1.0 cm and 1.5 cm, respectively. In all models, the left-right width of the expansion was about 2 cm at this level. Dimensions were then gradually reduced to presurgical values superiorly and inferiorly, as well as laterally. The shape and dimensions of the tonsils were not altered. Common to all 3 surgery models was that anatomical structures within the dura mater were left unchanged, as they would be for a surgical procedure that left the dura intact. The volume increase implied by s3, however, would require the insertion of a dural graft.
Computational meshes for the 3 surgery models were very similar to the mesh for the CM model-hexahedral meshes with 600,000 nodes and a smallest distance between nodes in any cell ranging from 0.15 to 1.25 mm. A tetrahedral mesh with 60,000 nodes was used for the normal model, with the smallest distance between nodes in each cell varying between 0.1 and 5.0 mm. As for the normal and CM models, the outer boundaries of the subarachnoid space, the spinal cord, and the tonsils were all modeled as rigid and immobile. Star-CD (User Guide and Methodology, version 3.26, Computational Dynamics Ltd., 2007) was used for model construction and simulations.
Modeling Cyclic CSF Flow
All models were exposed to the same boundary conditions, corresponding to pulsating CSF flow at 80 heartbeats per minute. A laminar fluid flow of 1-ml stroke volume 1 was assumed. An asymmetrical sinusoidal waveform was applied, with the upward flow (diastole) lasting twice as long as the downward flow (systole), and having half the amplitude. The fluid had the properties of water at 37°C, with a kinematic viscosity of 0.70 × 10 -6 m 2 /sec. The cranial flow direction was chosen as positive (that is, diastolic velocities were defined as positive), while systolic velocities were negative. No-slip boundary conditions were chosen at the spinal cord and dural boundaries.
The fluid was at rest when simulations were started, but the initial 6 flow cycles were skipped, using only data from when maximum velocities at the foramen magnum differed by less than 1 mm/sec and distributions were observed to be similar by visual inspection. Calculations of flow velocities and pressures were performed for each computational point at 0.001-second intervals.
Assessing Effect of Surgical Decompression
Velocity and pressure distributions in space and time were displayed in Star-CD and inspected. For all models, peak systolic velocities were plotted and compared for 8 equidistant axial levels from 1 cm above (Level 1) the craniovertebral junction to 3 cm below (Level 8). These levels correspond to the posterior fossa (Levels 1 and 2), the craniovertebral junction (Level 3), and the cervical spine from C-1 (Level 4) to C3-4 (Level 8). Also, peak systolic velocity, as percentage excess over the corresponding normal model peak velocity, was computed and plotted for each level in the CM and the postoperative models. Finally, distributions of peak systolic velocities around the spinal cord were also plotted and compared, using axial sections corresponding to local Levels 2 and 4, respectively.
Peak pressure gradients (superior-inferior) over Levels 1-8 were computed, tabulated, and compared for all models. The pressure gradient G was computed as G = (p t -p b )/h, where p t is the pressure at the top (Level 1), p b is the pressure at the bottom (Level 8), and h is the distance (superior-inferior) between Level 1 and 8 (0.04 m).
In addition, for each model, the pressure at each level relative to the pressure at Level 8 was computed. Com-J Neurosurg: Spine / Volume 21 / October 2014 parison was done by plotting these relative pressures by level for all models in a single plot.
Results
In the 5 models, the peak CSF velocities increased nonlinearly from the posterior fossa (Level 1) to C-3 (Level 7). In the CM model, peak velocity increased from 4.3 cm/sec at the foramen magnum to 7.5 cm/sec at C-4; in the normal model it increased from 2 cm/sec to 7.2 cm/sec over the same region. Peak pressure gradients occurred at 2 times in the cycle for all models, corresponding to the time when flow changed direction.
Effect of Decompression on Velocities
The postoperative models had intermediate peak systolic velocities, that is, values that were between those obtained in the normal and CM models (Fig. 3 ). The CM model had faster CSF velocity in the posterior fossa, foramen magnum, and upper cervical spinal canal than the normal model during caudal flow (Figs. 3 and 4) . The two larger surgical defects, s2 and s3, had reduced CSF velocities in the posterior fossa, foramen magnum, and cervical spinal canal. They normalized velocities at C-2 and C-3. The smaller defect, s1, reduced velocities to a lesser extent but not to values in the normal model. Peak systolic velocities in the posterior fossa of the CM model exceeded normal model velocities by 65% to 120% (Fig. 4) , while in the postoperative models, they exceeded normal by 30% to 70%. At C-2, the CM model and s1 had velocities 18% to 23% above normal, while s2 and s3 had velocities that did not exceed those in the normal model.
Flow patterns showed greater heterogeneity in the CM model than in the normal model, and heterogeneity increased with the size of the surgical defect. Near the foramen magnum, at the time of peak systolic flow, the difference between peak velocities anterior and posterior to the spinal cord (Fig. 4) increased with increasing size of the surgical defect. The normal model did not show the same heterogeneity in flow distribution. For example, with anterior peak velocities in s3 (Fig. 4) , peak velocities diminished to approximately 3.2 cm/sec and 3.7 cm/sec for the superior and inferior axial sections, respectively. Corresponding numbers from the normal model (Fig. 4) were 2.1 cm/sec and 3.4 cm/sec. Posteriorly, s3 peak velocities diminished to 1.1 cm/sec and 2.6 cm/sec (for the superior and inferior axial sections, respectively). Corresponding velocities in the normal model were approximately 1.7-2.0 cm/sec and 3.0-3.5 cm/sec. Anterior peak velocities for s3 were 50% above normal values, whereas posteriorly they were 50% below normal values.
Effect of Decompression on Pressure
The CM model had a 15% higher peak pressure gradient than the normal model (Table 1) , while all 3 surgery models had peak gradients within 8% of the normal value. Pressure gradients were nonlinear (Fig. 5) . The graph of the most conservative surgical defect (that is, s1) most closely follows the relative pressure gradient in the normal model. Below Level 7, neither the CM model nor the surgery models had relative pressures that differed more than 15% from the normal model. For the same region, all surgery models had gradients that were closer to normal than the CM model. At Level 7, s2 and s3 had relative pressures that were higher (increased by less than 34%) than what was found in the other models.
Discussion
In the present computer simulation study, an idealized model of a patient with Chiari malformation Type I (CM-I) was exposed to 3 different degrees of idealized decompression peak systolic velocities and pressure gradients were generally lower and closer to normal model values in all postoperative models, compared with those found in the preoperative CM model. Peak systolic velocities were virtually identical in s2 and s3, and also closer to normal model values than those observed in the most conservative model s1. Although flow velocities decreased, the heterogeneity in velocity distribution around the spinal cord showed an increase as the magnitude of decompression increased. Pressure gradients were normalized by small surgical defects and reduced to levels below the pressures in the normal model with larger surgical defects.
This CSF study with CFD showed decreases in CSF velocities similar to those found in studies in which PC MRI was used. For example, Dolar et al. 5 found that the average peak systolic velocities at the foramen magnum decreased from an average of 3.4 cm/sec before surgery to 2.4 cm/sec after surgery. In a pediatric study, Iskandar et al. 10 found that peak systolic velocities were lowered in most patients following decompression. Nevertheless, clinical studies have not consistently reported decreases in CSF velocities from decompression surgery. Sivaramakrishnan et al. 19 found average maximum CSF velocities to be relatively unaffected by surgery. Armonda et al.
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and Bhadelia et al. 4 reported an increase in velocities to the posterior and anterior side of the spinal canal, respectively. Differences in methods may explain some of these inconsistencies. It should also be noted, however, that the reduction in CSF velocities found in the present study is consistent with predictions from theoretical fluid dynamics-surgical widening of the flow channel (subarachnoid space) makes CSF velocities go down while volume flux remains constant. The reduction in CSF pressure gradients found in our postoperative models is consistent with the clinical study of Heiss et al., 7 who measured cervical and lumbar pressure before and after decompression surgery.
The present work has several limitations. Our surgical craniovertebral defects may deviate from what is achieved by surgery. In particular, the superior extension of the defect may be less than is common practice. In theory, the effect of this difference on velocity and pressure characteristics would be small The use of rigid subarachnoid space boundaries, including an immobile spinal cord, represents model simplification that does affect CSF velocity and pressure characteristics. This could, for example, alter the degree of heterogeneity observed in CSF velocity distribution around the cord, which increased with increasing degree of decompression. A stronger validation of the applied models would be preferable; however, idealized models are inherently difficult to validate, since they do not represent any particular patient from which measurement data could be collected for comparison. Computerbased simulations in patient-specific geometries have previously been compared with flow measurements using MRI. 17, 22 While more detailed validation and development of more accurate computational models are warranted, these studies demonstrate that the main flow is often well captured. The main flow is strongly coupled to the pressure distribution, suggesting that prediction of computational pressure distribution is feasible in patient-specific decompression models.
The pressures found in our simulation approach revealed a nonlinear relationship between pressure gradient and level. In the models, it was also found that peak velocities and pressure gradients diminished differently at different levels in the cervical spine. The relevance of this observation to the reduction of syringomyelia due to craniovertebral decompression needs additional study. Our work has clinical relevance, representing the first step toward patient-specific models for individual decompression surgery planning. This modeling technique could lead to a better understanding of the relative effects of different amounts of craniocervical decompression on CSF flow dynamics in patients with CM-I. The amount of expansion of the CSF pathways that is sufficient to treat patients with CM-I is controversial, and some neurosurgeons prefer craniocervical decompression and duraplasty to bony decompression alone in patients with syringomyelia, based on reports that syrinx resolution occurs more frequently when duraplasty is included with the bony decompression. The modeling described here explains the relative effects of different amounts of expansion of the subarachnoid space on CSF flow dynamics in these patients. On the other hand, if a syrinx, cervicomedullary sign, or other objective measure is not present before sur- gery, the outcome of surgery is primarily judged by the degree of postoperative symptomatic improvement. If a symptom such as headache were to persist after craniocervical decompression, this modeling technique could predict whether the amount of expansion of the subarachnoid space produced by the craniocervical decompression was enough to effectively normalize CSF flow dynamics, and another cause of headache could then be sought if the amount of expansion was demonstrated to be sufficient. Alternatively, if the CSF flow dynamics were abnormal after surgery, this modeling could predict whether the headache could be improved by enlarging or reducing the size of the decompression.
Conclusions
The computer simulations in the present study show that CSF dynamics in the upper cervical spine depend on the type or amount of the surgical defect created. In our simulations, velocities tended toward normal model levels as the surgical defect increased in size. Pressure gradients diminished to or below normal mode levels with the addition of the craniovertebral decompression defect.
